We present the results of a comprehensive study of distribution of zinc, resistivity, and photosensitivity in a Cdl,Zn,Te ingot grown by the Vertical Bridgman method. We used several complementary methods, viz., glow discharge mass spectroscopy, photoluminescence-, resistivity-, and photosensitivity-mapping, along with photo-induced current transient spectroscopy to characterize the material. We identified electronic levels in the band-gap responsible for compensation, recombination, and photosensitivity.
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There have been several intensive studies of structural extended defects, tellurium inclusions, and Zn inhomogeneities in CZT ingots [IO-141. Less attention has been paid to exploring correlations between Zn and the native defects that determine the photo-electrical and recombination properties of CZT.
The aim of our research was to compare the distribution of zinc with resistivity (R), photoconductivity (PC), and photoluminescence (PL) throughout the entirety of a vertical Bridgman-grown CZT ingot, and to identify those defects that capture photo-caniers at room temperature.
We measured the content of impurities by Glow Discharge Mass Spectrometry (GDMS). The R and PC maps provided information on the distribution of compensating and photosensitising defects. Low-temperature PL and Photo-Induced Canier Transient Spectroscopy (PICTS) measurements gave data on the energy levels in the bandgap. We found from assessing the bound exciton (BE) emissions that an increase in the concentration of Zn affects the deviation from stoichiometry towards the metal excess, thus decreasing the concentration of native defects (Vcd, T q d ) and shallow-level acceptors (NaCd). We incorporated these data into the overall picture of electronic levels in the bandgap of CZT.
Experimental
We grew the undoped Cdl.,Zn,Te ingot by the vertical Bridgman method from a melt containing 5 % Zn. Several wafers were cut along the crystal's axis and two wafers, labelled S1 and S2, were cut in a direction perpendicular to them. All the wafers were mechanically lapped, polished, and finally chemo-mechanically polished with a Bdmethanol solution.
We employed a combination of several spectroscopic methods to comprehensively characterize CZT, namely, the contactless R and PC mapping techniques [15] , lowtemperature PL, and PICTS. Photoluminescence spectra were acquired at 4.2-80 K in a cryostat attached to an X-Y translation stage with a 1-mm step, employing an argon laser (488 nm) for excitation, and a Ge detector. Table 1 shows the impurity content of the material, primarily Na, Cu, and Fe, measured in the region of steady-state growth. We inferred the Zn concentration and its distribution in the ingot from the lowtemperature spectral near-bandgap PL measurements that others and we described previously. Having obtained these data from the conductivity type and resistivity maps, we should have been able to calculate the location of the Fermi energy over the whole wafer. [I61 Unfortunately, in semi-insulated CZT, the type of conductivity and concentration of carriers cannot be evaluated by electrical methods, such as Hall measurements or Thermo-Electric Effect Spectroscopy (TEES).
Results and discussion
Nevertheless, using the bound exciton (BE) luminescence, we determined that in our CZT crystal, the concentration of the shallow-donor level dominates that of the shallowacceptor level; knowing this, we tentatively decided that the Fermi-level is located in the upper half of the bandgap. ratio. This is a reversible phenomenon, and the DoxIAoX ratio again can be depressed by subsequently annealing the n-type CZT in vacuum. [18] [19] [20] [21] [22] By analogy with these results, the enhancement of the DoWAoX ratio towards the ingot's periphery suggests a relative increase in the concentration of the shallow donors, namely, a residual amount of sodium impurities in the interstitials, Nai.
[23] According to the GDMS analysis, Na is the main residual impurity present, at about 100 ppb. Thus, we conclude that the Zn concentration is higher, and concentration of VCd and shallow acceptors Nucd lower at the periphery of the ingot than in its central part.
These results are important for analyzing compensation and photosensitivity. Firstly, an increase in Zn concentration slightly raises the bandgap of CZT, mainly at the expense of the movement of the C-band minimum upwards in the absolute energy scale. Secondly, an increase of resistivity suggests that the Fermi-level in the n-type CZT moves towards the midgap, that is, away from the C-band, as is apparent when ND > NA due to the fact that ND, NA >> NDD, NAD. Here, NA and ND are the concentration of shallow-level impurities, and NAD and NDD are the concentration of deep-level impurities.
Here we note that even with the values in stoichiometry and the concentration of shallow acceptors remaining constant, that is, solely at the expense of an increase in the concentration of Zn, resistivity must rise in CZT compared with CdTe. We obtained additional data for analysing defects from deep-level PL. Fig. 5 depicts a typical PL spectrum from the middle of the ingot. We assume that there is an abundance of defects, such as VC,~, Tei and Teed, in CZT, as was predicted for CdTe crystals grown from a Te-rich melt [28] . Consequently, the concentrations of these defects should increase to the end of the crystal growth due to prevailing Cd evaporation from the melt [29] . While Teed is a deep donor with an electronic There are frequent assertions in the literature that the DoWAoX ratio is more than unity in spectroscopic-grade CZT [2] . The concentration of shallow-level impurities invariably is much greater than that of the deep ones; thus, the DoWAoX ratio more precisely reflects the deviation from stoichiometry. Materials in which the DoWAoX ratio is above unity are closer to stoichiometry than the typically grown low resistive p-CZT in which this relation is always very low. We suppose that a lesser deviation from stoichiometry establishes a nearly equal concentration of shallow donors and shallow acceptors, and, under such conditions, a lower concentration of the deep levels can stabilize the precise compensation condition.
In such condition, deep-level donors and acceptors may compensate each other, and thus, by properly choosing the deep-level compensation conditions, the concentration of electron traps can be minimized to 10'' ~m -~. Numerical analyses suggest that a compensation condition is reasonably satisfied when (NA +NDA) -ND 5 1/2 NDD. Thus, for a premium-grade CZT, the concentration of Teed, should be about lo'* ~m -~. This is the reason for the very low yield, and uncontrollable growth of CZT by the High Pressure Bridgman method, wherein some impurities, like Cu and Fe, become incorporated into the CZT crystal from the hot part of growth facilities.
Conclusion
We undertook a comprehensive study of the distribution of zinc, resistivity, and photosensitivity in a CZT ingot grown by the Vertical Bridgman method. We demonstrated that resistivity correlates with the distribution of Zn, but photosensitivity does not; the highest photoconductivity was observed in the area with the lowest Zn concentration. We suppose that the distribution of the photosensitising deep-donor, Teed, depends upon a crystal's deviation from stoichiometry. Compared with ingots grown by the High Pressure Bridgman process, the CZT ingot we studied with low Zn concentration exhibited a smaller deviation from stoichiometry, and the Fermi level was located closer to the C-band. In our material, the deep-level is more heavily populated with electrons, and thus, it is less efficient as an electron trap.
